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The effect of dopants on the metallic glass forming ability is usually considered based on analysis
of changes in the liquid structure or thermodynamics. What is missing in such considerations is
an analysis of how a dopant changes the properties of the crystal phases which can form instead
of the glass. In order to illuminate this aspect we performed molecular dynamics simulations to
study the effects of Mg and Sm dopants on the crystal nucleation in Al. The simulation data were
found to be consistent with the experimental observations that addition of Mg to Al does not lead
to vitrification but addition of only 8% Sm does. The significant effect of Sm doping was related to
the intolerance of Al to this dopant. This leads to increase in the solid-liquid interfacial free energy,
and therefore, to increase in the nucleation barrier and to dramatic decrease in the nucleation rate.
The intolerance mechanism also significantly affects the growth kinetics.
I. INTRODUCTION
The glass forming ability (GFA) of metallic alloys has
been discussed for several decades [1, 2]. One of the
main goal here is to a priori predict a combination of
dopants which will allow one to make the glass more sta-
ble against a thermal treatment [3–8]. Several empirical
rules ranging from over simplistic approaches based on
atomic radii ratios or liquid solution formation enthalpy
criteria to very sophisticated analysis of the liquid struc-
ture were proposed. What seems to be missing in such
considerations is an analysis of how a dopant changes
the properties of the crystal phases which can form in-
stead of the glass. However, this may be the key to the
GFA problem because a glass can be formed and be sta-
ble only when a crystal counterpart cannot nucleate or
grow [9]. Major advances were achieved in the last two
decades in the classical nucleation theory (CNT) by com-
bining it with the molecular dynamics (MD) simulation
[10]. However, the glass forming alloys represent a spe-
cial challenge: naturally these are the systems where the
nucleation is never observed during the limited time (less
than tens of microseconds) of MD simulations. Recently
we proposed a persistent-embryo method (PEM) to over-
come this time limitation [11]. In the present study, we
employ this method to compare the effects of Mg and Sm
dopants on the nucleation rate in Al and show that the
PEM allows to predict that addition of Mg does not lead
to any considerable change in the GFA while addition of
Sm does. On contrary, we find that none of the conven-
tional analysis of the liquid structure and viscosity can
explain the significant effect of Sm dopant on the GFA.
Al-rare earth (Al-RE) alloys are a typical example of
binary alloys where a rather small addition of a dopant
can dramatically change the glass forming ability and the
crystallization behavior upon cooling [12]. While pure Al
cannot be obtained in the form of glass, addition of only
8 at.% Sm doping leads to a possibility of producing a
glass [13]. Several explanations of this phenomenon have
been proposed: the mixing enthalpy [14], packing effi-
ciency [15–17], the icosahedral ordering in the liquid [18],
etc. While these studies brought some insight into the
formation of Al-based metallic glasses [12] we will show
below that the combination of the CNT and MD simula-
tion provides a much more straightforward approach: we
can simply compare how small additions of Sm and Mg
change the nucleation and growth of the face-centered
cubic (fcc) phase in the undercooled Al liquid. The rea-
son for choosing Mg is associated with the fact that Mg
has a similar atomic radius (160 pm) as the RE elements
(164-180 pm [19]) and similar coordination number ( 16)
in Al-rich liquid. However, in contrast to the marginal
GFA of the Al-RE alloys, no glass formation has been
reported for the Al-rich Al-Mg alloys. Therefore, the dif-
ferent effects of Mg and Sm dopants provide a perfect
testbed to reveal the mechanism of the vitrification.
The rest of the paper is organized as follows. First, we
consider the effect of Sm and Mg on the liquid structure
and viscosity and show that there is no striking differ-
ence between the effects of these two dopants. Then, we
consider their effect on the nucleation ability and show
that the effect of Sm is much larger. In order to explain
this observation, we turn to the analysis of the effect of
these dopants on bulk driving force and the solid-liquid
interface (SLI) properties. We will show that while there
is no much difference in the effect of these dopants on
the bulk driving force, the presence of Sm in the liquid
increases the SLI free energy because the solid Al is intol-
erant to this dopant. Finally, we will discuss all of these
findings in relation to the GFA.ar
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2II. EFFECTS OF DOPANTS ON THE BULK
LIQUID PROPERTIES
To understand what causes the difference in the glass-
forming ability of Al-Mg and Al-Sm alloys, we first in-
vestigate how the Mg and Sm dopants change the liquid
structure. All MD simulations in the present study were
performed using the GPU-accelerated LAMMPS code
[20–22]. The interatomic interaction was modelled us-
ing the Finnis-Sinclair potentials [23] developed for the
Al-Sm alloys in Ref. [24] and for the Al-Mg alloys in Ref.
[25]. In Fig. 1(a), the pair correlation functions (PCF)
are shown for the 32,000-atom liquid models of Al95Sm5
and Al95Mg5 alloys at moderate (700 K) and deep under-
coolings (560 K). One can see that the PCFs of the two
systems are almost identical. We also examined other
compositions up to 10 at.% of the dopant concentration
and found the results are almost same as shown in Fig.
1(a). To further understand the liquid structure we an-
alyzed the short-range order (SRO) in the Al-Sm and
Al-Mg alloys. We also included models of Al90Sm10 and
Al90Mg10, as the Al90Sm10 metallic glass can be formed
experimentally [14]. Two widely used analysis are per-
formed to identify the SRO in these samples at T=560
K: the cluster-template alignment method [26] and the
Voronoi tessellation analysis [27]. The cluster-template
alignment method aligns the atomic clusters to the per-
fect templates to obtain the alignment score, which de-
scribes the minimal root-mean-square deviations between
the clusters and the template. Here, the popular icosa-
hedral SRO (ISRO) and the main competing FCC SRO
are considered. The score cutoff to identify the SRO [28]
was 0.16. The populations of icosahedral and fcc clus-
ters in the Al-Sm and Al-Mg alloys are shown in Fig.
1(b). The Voronoi tessellation analysis characterizes the
local atomic environment with the Voronoi index 〈n3, n4,
n5, n6〉, where ni denotes the number of i-edge faces of
the Voronoi polyhedron (VP). The analysis shows that
〈0,0,12,0〉 and 〈0,1,10,2〉 are always the top two types of
the VP for the Al-centered clusters in both the Al-Sm
and Al-Mg systems. The VP with index 〈0,0,12,0〉 is
icosahedron and 〈0,1,10,2〉 is considered as the distorted
icosahedron [2]. Therefore, the two types of VP are both
associated with ISRO. Comparing the populations in Fig.
1(b) and (c), we see that both methods lead to the same
conclusion that minor Sm- and Mg-doped Al alloys have
a similar icosahedral ordering at deep undercoolings (al-
though at the same concentrations, addition of Sm leads
to slightly higher ISRO). The FCC-type clusters are very
rare and their fraction is almost independent on the mi-
nor Sm or Mg doping concentrations in the liquid Al.
We now turn to the investigation of the kinetic prop-
erties of the bulk liquid focusing on the liquid fragility,
which measures how quickly the viscosity of a liquid in-
creases upon cooling. Recent progress in the fragility
studies have brought a very valuable insight into its rela-
tion with the liquid structure and thermodynamics prop-
erties [29–31]. On the other hand, the correlation be-
FIG. 1. The comparison of liquid structures of the Al-Sm
and Al-Mg alloys.(a) The total pair correlation functions.(b)
The icosahedra and FCC SRO of Al-centered clusters in the
Al-Sm and Al-Mg alloys with the dopant concentrations of 5
and 10 at.% at 560 K obtained by the cluster alignment. The
score cutoff to identify the SRO was set 0.16 [28]. (c) The
population of the top two Voronoi polyhedra 〈0,0,12,0〉 and
〈0,1,10,2〉 in the Al-Sm and Al-Mg alloys. Both two Voronoi
polyhedra are associated with the icosahedral ordering [2].
tween the fragility and the glass-forming ability is still
under debate [30, 32] . Here, the shear viscosities were
computed in the NVT MD simulations via the autocorre-
lation functions of the stress tensor using the Green-Kubo
relation [33]
η =
V
kBT
∫ dt
0
dt〈σxy(0)σxy(t)〉, (1)
where σxy is the off-diagonal x-y component of the stress
tensor, V is the volume of the liquid. The normalized
shear autocorrelation functions of both Al90Mg10 and
Al90Sm10 are shown in Fig. 2(a). Both systems show very
similar trends for the shear relaxation with the tempera-
ture: the shear relaxation is almost exponential at higher
T , while it becomes highly non-exponential when the sys-
tem is cooled down to lower T regime. The decrease
in temperature leads to rapid increase in the correlation
time and develops a bump at the correlation time range
between 0.2 and 0.3 ps, which can be attributed to the ef-
fect of the boson peak vibrations in the glassy and deep
undercooled liquid states [34, 35]. Figure 2(a) demon-
strates that the obtained temperature dependences of
the viscosities can be well fitted to the Volger-Fulcher-
Tafmmann (VFT) equation η = η0 exp(
B
T−T0 ). Since our
data were mostly obtained at high temperature, we em-
ployed the kinetic strength, which is defined as D∗ = BT0 ,
to quantify the fragility [30]. We found that the fragilities
of Al90Mg10 and Al90Sm10 are very close to each other
(D∗ = 1.89 and D∗ = 1.81, respectively). Figure 2(b)
shows the viscosities as a function of the T0-scaled tem-
perature including lower doping concentration 8%. The
3FIG. 2. The comparison of bulk liquid kinetics of Al-
Sm and Al-Mg alloys.(a) Normalized stress autocorrelation
functions of Al90Mg10 (upper) and Al90Sm10 (lower) melts
at various temperatures. The colors from red to blue in-
dicate the decreasing temperatures. The insert shows the
computed shear viscosity using the Green-Kubo relation and
the temperature dependences are fitted using the VFT equa-
tion. The fitting functions are η = 0.0038 exp( 841.0
T−444.2 ) and
η = 0.0042 exp( 1060.6
T−586.9 ) for the Al90Mg10 and Al90Sm10 al-
loys, respectively. The error bar was obtained by averag-
ing over all the autocorrelation functions of three off-diagonal
components of the stress tensor. (b) The viscosity as func-
tion of T0-scaled temperature for the Al-Mg and Al-Sm al-
loys. Note that we follow the common practice by setting
the diverging temperature T0 equal to the glass transition
temperature since the two are close for many metallic liquids
[30, 36, 37].
examination of this figure clearly demonstrates that both
systems exhibit a similar behavior of the kinetics slow-
down when approaching the glass transition temperature.
The results of the structures and fragility studies are
consistent with each other: the effects of Mg and Sm
dopants on the liquid properties are very similar. There-
fore, the empirical rules based solely on the analysis of
the liquid properties cannot explain the difference in the
glass formality of the Al-Mg and Al-Sm alloys.
III. EFFECTS OF DOPANTS ON THE
NUCLEATION RATE
Since the dopants only shows very minor effect on the
liquid properties, we now employ the PEM simulations
to study the nucleation rate for the understanding of the
glass formation. The PEM utilizes the main CNT [11]
concept that the homogeneous nucleation happens via
the formation of the critical nucleus in the undercooled
liquid. The excess free energy to form a nucleus with N
atoms can be presented as
∆G = N∆µ+Aγ, (2)
where ∆µ(< 0) is the chemical potential difference be-
tween the bulk solid and liquid, γ is the solid-liquid in-
terfacial (SLI) free energy density, and A is the SLI area.
The competition between the bulk and interface terms
leads to a nucleation barrier, ∆G∗, when the nucleus
reaches the critical size, N∗. While the CNT usually
relies on the assumption that the nucleus has a spher-
ical shape to derive the relation between ∆G∗ and N∗
there is no real need to make this assumption. Instead
we present the SLI area as A = s(Nρc )
2
3 , where ρc is the
crystal density and s is a shape factor. If we make the
assumption that s is independent of the nucleus size N
(which is weaker than the assumption about the spheri-
cal nucleus shape) it is easy to show that the nucleation
barrier, ∆G∗, can be written as [11]:
∆G∗ =
1
2
|∆µ|N∗. (3)
Following Auer and Frenkel [38], the nucleation rate can
be calculated as
J = ρLf
+
√
|∆µ|
6pikBTN∗
exp(−∆G
∗
kBT
), (4)
where f+ is the atomic attachment rate, kBT is the ther-
mal factor and ρL is the liquid density. According to Eq.
(4), four quantities (ρL, N
∗, ∆µ, and f+) are needed to
obtain from the MD simulations to calculate the nucle-
ation rate at a given temperature. The determination of
the liquid density, ρL, is trivial. The chemical potential
difference, ∆µ, can be calculated using the thermody-
namic integration based on an alchemical path linking
the doped and pure liquids [39](see Supplementary Ma-
terials for details). The method to determine the critical
nucleus size N∗ was described in detail in Ref. [11]. Fi-
nally, the attachment rate f+ can be measured in the MD
simulation following the diffusion approach proposed by
Auer and Frenkel [38, 40, 41].
Figure 3 summarizes the nucleation rate data for the
Al-Sm alloys obtained in Ref. [42] and the data for the
Al-Mg obtained within the present study. At very small
dopant concentrations (up to 1 at.%) the effects of both
dopants are about the same. However, at higher concen-
trations, while addition of Mg leads to only small increase
in the critical nucleus size, the addition of Sm changes it
much more significantly (3.5 times at 5% of Sm). This
is obviously associated with the fact that the addition of
Sm considerably changes the nucleation barrier (see Fig.
3(b)). Since the nucleation rate depends exponentially
on the nucleation barrier, the addition of only 5 at.% Sm
decreases the nucleation rate by 25 orders of magnitude,
while addition of 5 at.% Mg decreases the nucleation rate
only by 3 orders of magnitude (see Fig. 3(c)). These re-
sults explain the experimental observations: no glass has
been produced in the Al rich Al-Mg alloys but only 8%
Sm doping leads to the vitrification in the Al-Sm alloys
[14].
4FIG. 3. FCC nucleation in the Al-Mg and Al-Sm alloys obtained from the PEM at moderate undercooling T = 700K. (a)
The critical nucleus size, (b) the nucleation barrier and (c) the nucleation rate as functions of the doping concentrations. All
the quantities are scaled by the corresponding values obtained for the pure Al (denoted by subscript 0).
IV. EFFECTS OF DOPANTS ON THE
SOLID-LIQUID INTERFACE PROPERTIES
According to Eqn.(2), the main factors controlling the
nucleation barrier are chemical potential difference and
the SLI free energy. Figure 4(a) shows that the Mg
dopants decrease the chemical potential difference even
more significantly than do the Sm dopants. Since the
chemical potential difference provides the positive driving
force for the nucleation, the key factors that contribute
to the increased nucleation barrier in the Al-Sm alloys
must be the increase in the SLI free energy. If we neglect
the anisotropy of the SLI free energy, the PEM allows to
estimate it as [11, 43]:
γ =
3
2s∗
∆µρ
2
3
c N
∗ 13 . (5)
We have determined all quantities in this equation ex-
cept for the shape factor, s∗. In order to determine the
latter we analyzed the shapes of the critical nuclei ob-
tained from the PEM simulations [43]. By constructing
the triangulated surface mesh [44] using the OVITO soft-
ware package [45], the shaper factor, s∗, was measured
according to the surface area and the volume of the nu-
cleus polyhedron. The snapshots of the nucleus were av-
eraged to reduce the effect of the thermal fluctuation on
the shape [43] (see the Supplemental Material for more
details).
We now turn to the question why the Mg and Sm
dopants have such a different effect on the SLI free en-
ergy. The critical nuclei at T = 700K are rather small
(∼150-550 atoms) such that it is very difficult to ana-
lyze the SLI profiles with such a limited length scale. On
contrary, a simulation of a flat interface can provide am-
ple statistics for the SLI curvatures and profiles. There-
fore, we performed a series of the MD simulations at
T = 700K where initially one part of the simulation cell
contained the fcc Al with the [100] direction parallel to
the x-axis and the other part contained either Al1−xSmx
or Al1−xMgx liquid alloy (see the Supplemental Material
FIG. 4. The main quantities controlling the nucleation
barrier. (a) The chemical potential difference and (b) the
SLI free energy as functions of the doping concentrations at
T = 700K. The quantities are scaled by the corresponding
values obtained for the pure Al (denoted by subscript 0).
for simulation details). The MD simulation showed that
the Al-Mg liquid (with xMg up to 8 at.%) quickly solidi-
fies into a solid solution with the same Mg concentration
as in the liquid phase. As shown in Fig. 5(a), compared
to Mg, the Sm dopants much more effectively slow down
the SLI migration even at xSm = 1 at.% and almost com-
pletely stop it (on the MD time scale) at xSm = 7 at.%.
Examination of Fig. 5(a) shows that the SLI roughness
dramatically increases around xSm = 3 at.% but at the
highest Sm concentration we can see that the SLI be-
comes almost flat. To make a more quantitative descrip-
tion on the interface roughness, we measured the aver-
5aged interface area during the SLI migration using the
surface mesh method [44]. As shown in Fig. 5(b), the
interface roughness first quickly increases with addition
of Sm reaching the maximum value at 3 at.% and then
quickly decreases reaching the same value as in the pure
Al at 5 at.%. Further addition of Sm leads to slow de-
crease in SLI roughness.
FIG. 5. The SLI profiles for AlSm and AlMg. (a) The snapshots at the SLI for the Al-Mg (upper panel) and Al-Sm (lower
panel) alloys. Two fcc layers along the in-plane direction (001) are shown for clarity. The grey atoms are liquid-like Al atoms.
The blue are the solid-like Al atoms while light blue indicates the initial bulk fcc phase. The red atoms are Sm and green are
Mg. For all the Al-Mg, as well as Al99Sm1 and Al97Sm3 alloys, the snapshots were taken at the moment when the as-grown
solid phase reaches the similar population ( 25,000 atoms). For the Al95Sm5 and Al93Sm7 alloys, the snapshots were taken
after significate longer-time simulation. (b) The interfacial area as function of doping concentration. The quantities are scaled
with the interfacial area in the pure Al system.
While both Mg and Sm dopants seem to be able to be
incorporated into the growing fcc-Al phase, they clearly
show a drastic different effect on the growth kinetics. In
order to get more insight, we carefully investigated the
mechanism of the dopant transition into the growing fcc
phase. We did not find any interesting features in the
case of Mg: it simply goes from the liquid into an fcc site.
On contrary, Figure 6 shows that the scenario is more
complex in the case of Sm. The fcc phase seems hard to
tolerate Sm as the Sm does not directly go into the fcc
phase like Mg does. Instead, the fcc phase grows where
the liquid phase occasionally does not have Sm atoms.
This locally increases the SLI curvature and allows the
SLI to surround and capture the Sm atom from the liquid
(see also the movie in the Supplemental Material). With
increasing Sm concentration in the liquid the probability
to find a Sm free region decreases leading to decreasing
the SLI roughness. Thus, it is the intolerance of the Al
fcc phase to Sm which explains the dependence of the
SLI roughness on the Sm content (and low SLI velocity).
Moreover, the fact that the SLI becomes flat means that
its stiffness becomes very large which is consistent with
the previous results that the addition of Sm leads to the
increase in the SLI free energy.
FIG. 6. Trapping Sm into the fcc phase growing from the
liquid Al97Sm3 alloy. From left to right, it shows a time serial
of the Sm atom incorporating into the fcc-Al lattice.
V. DISCUSSION
The current study shows that the key effect of doping
that leads to the glass formation in the Al-Sm alloys is
the change in the SLI free energy, rather than any change
in the bulk liquid properties. This is inherently caused by
the intolerance of the Al crystal lattice to Sm. Keeping
this in mind, we now turn our attention back to the crys-
tal nucleation from liquid to confirm this scenario. We
first checked all the as-formed critical nucleus from PEM
simulation at 700 K. We find there is no Sm atom in any
critical nucleus, while there are indeed a few Mg atoms in
the critical nuclei. However, at T = 700K no nucleation
can happen in the course of the conventional (brute-force)
6MD simulation (this is why the PEM is needed). There-
fore, we lower the temperature to T = 560K, at which the
bulk driving force is much larger, the critical nucleus size
is much smaller and the nucleation rate is much higher
such that the nucleation may happen in the course of the
brute force MD simulation (see Supplemental Material).
By checking the spontaneously formed nuclei, we found
that the critical nuclei in the Al-Mg alloys may contain
Mg atoms, while only pure Al nuclei forms in the Al-Sm
alloys. This confirms that the Al fcc phase is tolerant to
Mg but not to Sm. Note that the mechanism of captur-
ing of Sm shown in Fig. 6 cannot operate in the case of
the nucleation because the nucleus size is smaller than
the fluctuation length necessary for this capturing.
In order to numerically characterize the tolerance of a
crystal phase to a dopant we propose to use the tolerance
enthalpy, ∆Ht. Consider 4 simulation cells: #1 contains
the perfect fcc Al; #2 is the same as #1 except that one
Al atom is replaced by a dopant; #3 contains the pure
liquid Al; #4 is the same as #3 except that one Al atom
is replaced by a dopant. Then the tolerance energy can
be defined as
∆Ht = H2 +H3 −H1 −H4, , (6)
where all quantities in the equation are the total enthalpy
of the corresponding simulation cells (not normalized by
the number of atoms). To obtain these values we used
the simulation cells with periodic boundary conditions
in all directions containing 2048 (fcc) or 2000 (liquid)
atoms. The energies were averaged over 1 ns. We ob-
tained ∆Ht = 1.3 eV/atom for Mg and ∆Ht = 7.0
eV/atom for Sm. Thus, the fcc Al is indeed much more
tolerant to Mg dopants than to Sm dopants.
VI. CONCLUSION
In summary, we employed the PEM to explain why the
addition of Sm dramatically enhances the glass forming
ability of Al and the addition of Mg does not. Contrary
to traditional approaches which consider the liquid al-
loy structure or kinetics to predict the GFA, the PEM
provides a robust way to answer this question. It shows
that effect of Sm on the nucleation rate is many orders
of magnitude stronger than the effect of Mg which is in
agreement with the experimental observations. The large
effect of Sm is related to the fact that the fcc Al phase is
not tolerant to this dopant. This leads to increase in the
SLI free energy, and therefore, to increases in the critical
nucleus size and the nucleation barrier and to dramatic
decrease in the nucleation rate. By examining detailed
SLI migration, a dopant trapping behavior is revealed
and also explained by the dopant intolerance for AlSm
system. On contrary the fcc Al phase is rather tolerant
to Mg such that it can easily occupy a crystal site in the
fcc phase growing from the liquid phase. This is why ad-
dition of Mg does not lead to a considerable change in
the glass forming ability. A tolerance enthalpy is intro-
duced to characterize the tolerance of the crystal phase
to a dopant. This quantity can be simply measured by
the atomistic simulation. Further studies are needed to
relate this quantity to the SLI free energy and nucleation
rate with more glass-forming systems.
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Supplemental Materials for “Effects of dopants on the glass forming ability in
Al-based metallic alloy”
S1. CHEMICAL POTENTIAL DIFFERENCE
The method to determine the chemical potential dif-
ference for the fcc-Al nucleation in the undercooled
Al1−xSmx liquid alloys (Sm has no solubility in fcc-Al)
has been described in detail in Ref. [S1]. Since Mg is
soluble in fcc-Al for the composition range studied in
this paper, the chemical potential difference is the free
energy difference between the liquid and solid solutions.
For both solution phases, the free energy was calculated
by transforming the pure Al phase into the correspond-
ing solution phase, using the thermodynamic integration
along an alchemical path, as outlined in Ref. [S1]. How-
ever, in the case of the fcc solid solution, a special treat-
ment is needed to sample different configurations of Mg
dopants in the fcc lattice, in order to establish the ther-
modynamic equilibrium. This was achieved by allowing
swaps between Al and Mg atoms with a Monte-Carlo al-
gorithm during MD simulations, as implemented in the
LAMMPS package.
S2. THE SHAPE FACTOR OF THE NUCLEUS
To compute the interfacial free energy with Eq. (5)
in the main text, we measured the shape factor s of
the critical nucleus obtained from the PEM simulations
[S2, S3]. To make a statistically sound description of the
nucleus shape, we first averaged the nucleus by superpos-
ing the configurations collected in a short time interval
(∆t0 = 4ps) during the critical plateau (see Ref. [S2] for
details). As shown in Fig. S1(a), the superposed config-
uration shows a clear non-spherical nucleus shape. Since
the crystalline order fades at the interfacial region, it re-
sults in a weaker atomic distribution at the outer shell of
the nucleus. In order to see the averaged nucleus more
clearly, a Gaussian smearing scheme [S4–S6] was applied
to convert the atomic distribution into the atomic den-
sity in the 3D space as shown in Fig. S1(b). By applying
a fast-clustering algorithm [S7] on the density profile, we
were able to extract the high-density points, which are
essentially the as-formed crystalline sites. Then the crys-
talline sites which were occupied longer than half of the
time interval ∆t0 were used to construct the surface of the
nucleus by the geometric surface reconstruction method
[S8] integrated in the OVITO software package [S9] as
shown in Fig. S1(c). Finally, the shape factor s was com-
puted based on the surface area A and the volume V of
the polyhedron obtained from OVITO as s = A
V
2
3
. In
Fig. S1(d), the shape factors of the critical nucleus are
shown as a function of doping concertation in the AlSm
and AlMg systems.
8FIG. S1. Determination of the nucleus shape. (a) A super-
posed fcc nucleus configuration from the PEM simulation of
Al95Sm5 liquid at T = 700K; (b) The atomic-density contour
plots corresponding to the distribution in (a); (c) The surface
of the nucleus. The connected red points define the surface
crystalline sites. The probe sphere radius to construct the
surface mesh in the geometric surface reconstruction method
[S9] is Rα = 2.8. (d) The measured shape factor as a function
of doping concentrations. The dash line indicates the shape
factor under spherical shape assumption.
S3. SOLID-LIQUID COEXISTING
SIMULATIONS
The initial solid-liquid coexisting model in the simu-
lation was constructed by combining the pure fcc crys-
tal and an undercooled liquid alloy (either Al1−xSmx or
Al1−xMgx). The periodic boundary conditions were ap-
plied in all three directions of the simulation box. All
simulations were performed using the NoseHoover ther-
mostats. During the simulation, we allow the length of
the box in the direction perpendicular to the solid-liquid
interface (SLI) to change, resulting in constant area and
constant normal pressure: NPxT ensemble, with x be-
ing the perpendicular direction to the SLI. The fcc and
liquid atoms were distinguished by the cluster alignment
method [S5] in which the minimal root-mean-square devi-
ations (alignment score) between the atomic cluster and
the perfect fcc template were calculated. The score cutoff
to identify crystalline fcc clusters was set as 0.12. With
the geometric surface reconstruction method [S8] inte-
grated into the OVITO software package [S9], the SLI
is constructed according to the configuration of the fcc
atoms as shown in Fig. S2. The SLI area was computed
by summing all the facet areas by OVITO software pack-
age [S9].
FIG. S2. Determination of the interface area in the SLI
simulation. The red points are solid fcc atoms, and the blue
points are liquid atoms. For clarity, the points for the liquid
atoms are shown much smaller than the solid atoms. The
solid atoms at the SLI are connected for clarity. The con-
structed interfaces are shown with grey. The probe sphere
radius to construct the surface mesh in the geometric surface
reconstruction method [S8] is Rα = 2.8.
S4. CONVENTIONAL MD SIMULATION OF
NUCLEATION AT 560K
The conventional (brute-force) MD simulations of the
nucleation were performed for the Al97Sm3 and Al97Mg3
liquid alloys at the deep undercooling T = 560K. The
simulation cells contained 32,000 atoms. The isothermal-
isobaric (NPT) ensemble and the periodic boundary con-
ditions were applied. The liquid models were initially
equilibrated at 1300 K which is well above the Al melting
temperature followed by a rapid cooling (1013K/s) to the
undercooling temperature (560 K). This extremely fast
cooling rate prohibits any nucleation during the cooling
process. The simulation time was up to 200 ns. Due to
the stochastic nature of the nucleation process, we inde-
pendently performed 10 MD runs with different initial
configurations for both Al97Sm3 and Al97Mg3 alloys. As
explained in the main text the Sm doping hinders the
nucleation of fcc Al much more significantly than the Mg
doping. Therefore, it took much longer time to observe
the nucleation in the Al97Sm3 alloys than in the Al97Mg3
alloys. As shown in Fig. S3 (a) and (b), all ten Al97Mg3
samples nucleated within 1.5 ns, while only two of ten
Al97Sm3 samples nucleated within 200 ns. With a close
inspection of the as-formed nucleus we found Mg atoms
incorporated into the fcc nucleus even at the early stage
of the nucleation shown in Fig. S3(c). On contrary, all
as-formed nuclei were pure fcc Al in the Al97Sm3 alloy
as shown in Fig. S3(d).
9FIG. S3. (a) and (b) Numbers of solid atoms as functions of time in 10 independent MD simulations of nucleation at 560
K in the Al97Sm3 and Al97Mg3 alloys, respectively (c) FCC nuclei with embedded Mg atoms obtained from the nucleation
simulations of the Al97Mg3 alloy. Only fcc like atoms are shown. Blue atoms are Al and green atoms are Mg. (d) Pure-Al fcc
nuclei obtained from two nucleation simulations of the Al97Sm3 alloy.
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